Human adenovirus type 8 (HAdV-8) and 37 (HAdV-37) cause epidemic keratoconjunctivitis (EKC) associated with community-acquired and nosocomial infections. The nucleotide sequences of the entire hexon and fiber genes of eight HAdV-8 and 26 HAdV-37 strains were analysed and the transition mutations in each gene were compared among strains. Compared with prototype strains, the hexon gene of HAdV-8 and -37 strains showed between two and seven and one and twelve variations at nine and 21 different positions, respectively. All of these, except one position in HAdV-37, were located in the conserved region 4 (C4). There were only three polymorphisms in the fiber gene of both HAdV-8 and HAdV-37, fewer than those in C4. The nucleotide sequence of HAdV-8 and -37 C4 might be readily modified during EKC epidemics.
Adenoviruses are non-enveloped, double-stranded DNA viruses with icosahedral capsids (Swenson et al., 2003) . Human adenoviruses (HAdVs) belong to the genus Mastadenovirus of the family Adenoviridae and are classified into six species, A to F (HAdV-A to HAdV-F) (Benkö et al., 2000; Wold & Horwitz, 2007) . Recently, the candidate strain of a new HAdV species, HAdV-52, was isolated from a patient with gastroenteritis and has been classified into HAdV-G (Jones et al., 2007) . Adenoviral conjunctivitis is mainly caused by HAdV-3 (in HAdV-B), HAdV-4 (in HAdV-E) and . Among these, the HAdV-D strains are known to cause severe and contagious conjunctivitis, such as epidemic keratoconjunctivitis (EKC), associated with community-acquired and nosocomial infection, particularly during summer (Tanaka-Yokogui et al., 2001; Aoki & Tagawa, 2002; Kaneko et al., 2008; Ishiko et al., 2008; Aoki et al., 2008) .
Since the first isolation of HAdV-8 as an aetiological agent of EKC in 1959 (Jawetz et al., 1959) , HAdV-8 has been regarded as the original causative agent of EKC and remains the predominant HAdV serotype isolated in association with EKC in many countries (Ishii et al., 1987; Chang et al., 2001; Vainio et al., 2001; Aoki & Tagawa, 2002; Jin et al., 2006; Robinson et al., 2008) . In Japan, not only HAdV-8 but also HAdV-19, -37 and a novel unclassified serotype are often detected in EKC patients (Higuchi et al., 1987; Aoki & Tagawa, 2002; Ishiko et al., 2008; Kaneko et al., 2009 ). HAdV-37 was first isolated from patients with keratoconjunctivitis in 1976 in The Netherlands and was reported as a newly identified serotype (de Jong et al., 1981) . Since 2000, HAdV-37 has been the predominant causative serotype of EKC in Japan .
The hexon and fiber genes in the HAdV genome are capsid proteins, and HAdVs are classified into groups on the basis of the antigenicity in these genes (Crawford-Miksza & Schnurr, 1996; Arnberg et al., 1997; Ebner et al., 2005; Madisch et al., 2005) . Recently, the nucleotide sequences in the hexon and fiber gene of all HAdV serotypes were determined and are now often used as targets for the detection of HAdV DNA and serotyping (Pring-Akerblom et al., 1999; Heim et al., 2003; Fujimoto et al., 2004; Sarantis et al., 2004; Shimada et al., 2004; Casas et al., 2005; Miura-Ochiai et al., 2007) . Further, nucleotide substitutions in the hexon and fiber genes of strains from EKC patients have been observed, and the appearance of these substitutions appears to coincide with EKC epidemics (Ariga et al., 2005) . Moreover, hexon chimeric intermediate HAdV strains have been isolated from EKC patients in Japan since 2003 . In this study, the nucleotide sequences of the entire hexon and fiber genes of HAdV-8 and -37 clinical strains isolated over a more than 10-year period in Japan were determined and the transition mutations in each gene were compared among strains.
Six and 23 clinical strains of HAdV-8 and -37, obtained from conjunctival swabs from EKC patients in Japan between 1994 Japan between and 1997 Japan between and between 1991 Japan between and 2006 In particular, an outbreak of EKC due to HAdV-37 was observed in 2003 and nine strains from five eye clinics located around Japan (Sapporo, Tokyo, Matsuyama, Kumamoto and Itoman) were collected over a 2-month period from August to September. A further 20 strains were isolated in Sapporo, Fukushima and Kumamoto. All strains were confirmed as HAdV-8 or -37 by a neutralization method with serotype-specific antisera purchased from the ATCC or Denka Seiken, respectively. Viral DNA was extracted from 100 ml virus solution using a Sumitest EX-R&D kit (Medical & Biological Laboratories) according to the manufacturer's instructions. The extracted DNA was then suspended in 100 ml TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). We sequenced the entire hexon and fiber genes using a PCR-direct sequencing method, as described previously Aoki et al., 2008) . The nucleotide sequences were determined on both strands of the amplicons by sequencing to an average of greater than threefold coverage for the target regions. Moreover, sequence data for two HAdV-8 and three HAdV-37 Japanese clinical strains held in the GenBank database were also evaluated (Kaneko et al., 2009 ).
Multiple alignments were performed and analysed using CLUSTAL_W software. The nucleotide sequences of the entire hexon and fiber genes in the HAdV-8 and -37 clinical strains were compared with those of prototype strains from the GenBank database. Compared with the HAdV-8 prototype strain, the HAdV-8 clinical strains exhibited between two and seven polymorphisms at nine different positions across the 2829 bp of the entire hexon gene (Table 1) . Nucleotide substitutions at position 2425, 2433, 2455 and 2779 caused amino acid changes. On the other hand, many variations were observed across the 2820 bp of the HAdV-37 hexon gene, though just one variation was detected, at position 1821, in the nine HAdV-37 clinical strains isolated before 1998 compared with the HAdV-37 prototype strain ( Table  2 ). The 17 clinical strains isolated after 2000 showed six common variations and from zero to six additional variations at 15 different positions. Nucleotide substitutions at position 1291, 1465, 1473, 1828, 1834, 2345, 2380, 2740, 2747 and 2756 caused amino acid changes.
A comparison with other serotypes shows that the hexon gene in HAdV strains is divided into four conserved (C1-C4) and three variable (V1-V3) regions (Ebner et al., 2005) . All seven variations in the strains from the HAdV-8 serotype and 20 of 21 variations in the strains from the HAdV-37 serotype were located in the C4 region (1527 bp). The remaining polymorphism at position 1291 of HAdV-37 belonged to variable region 3 (V3) in hexon loop 2, which contains the epitope for the neutralization test. The fiber gene was more stable and just three polymorphisms were observed in both HAdV-8 and -37 (1086 bp and 1098 bp) compared with the prototype strains. Table 1 . Positions of nucleotide substitutions in the hexon and fiber genes among HAdV-8 strains Bold type indicates the polymorphic sites compared with the HAdV-8 prototype strain. Amino acid substitutions of Leu to Val, Phe to Leu, Thr to Ala and Glu to Gln at positions 2425, 2433, 2455 and 2779, respectively, were observed in the hexon gene and of Val to Ile and Met to Leu at position 181 and 814, respectively, were observed in the fiber gene. Italic type and underlining indicate nucleotide substitutions that caused amino acid changes outside and within amino acid groups, respectively, classified as follows: nonpolar, Ala, Val, Leu, Ile, Pro, Phe, Met, Trp, Gly and Cys; polar, Asn, Gln, Ser, Thr and Tyr; acidic, Asp and Glu; and basic, Lys, Arg and His groups. 
37/SapporoB/1995 37/SapporoA/1996 37/SapporoB/1996D 37/Sapporo/1997 Phylogenetic analysis was performed for the C4 region in the hexon gene from eight HAdV-8 strains and 26 HAdV-37 strains. Unrooted phylogenetic trees were constructed using the neighbour-joining method (NJ method), and visualized and edited using MEGA 3.1 software. The HAdV-8 prototype and two clinical strains isolated in 1986 and 1994 were segregated into the same cluster. The other six clinical strains isolated after 1995 formed a distinct cluster with the HAdV-8 prototype (Fig. 1a) . The HAdV-37 prototype and nine clinical strains isolated before 1998 were segregated into the same cluster. The other 17 clinical strains isolated after 2003 formed several clusters, which were distinguishable from the cluster formed by the strains isolated before 1998 (Fig. 1b) .
HAdV-8 strains are the most commonly isolated from EKC patients and various HAdV-8 genome types have been prevalent in many countries (Ishii et al., 1987; Adrian et al., 1990; Tabery, 1995; Aoki & Tagawa, 2002) . In Japan, HAdV-8 was mainly prevalent before 1996, with four genome types detected (Aoki & Tagawa, 2002 ). On the Nucleotide polymorphism in hexon of other hand, it has been reported that the genetic variability in HAdV-37 is smaller than that in other adenovirus serotypes (Higuchi et al., 1987; de Jong et al., 1988; Aoki & Tagawa, 2002) . However, five new genome types were identified in HAdV-37 strains from EKC patients isolated between 1990 and 2001, and nucleotide substitutions in the hexon and fiber genes were observed (Ariga et al., 2005) . Our results also confirmed that similar molecular evolution had occurred in HAdV-37.
In this study, high variability was identified in the C4 region of HAdV-8 and -37. The frequency of nucleotide substitutions in the C4 region of HAdV-8 and -37 was 5.8 positions per kb and 13.1 positions per kb, respectively. These rates were much higher than those in the other hexon regions except C4 (0 positions per kb for HAdV-8 and 0.7 positions per kb for HAdV-37) and those in the fiber gene (2.8 positions per kb for HAdV-8 and 2.7 positions per kb for HAdV-37). Moreover, in the phylogenetic tree based on the hexon C4, HAdV-8 and -37 strains isolated after 1995 and 2000, respectively, formed distinct clusters with the respective prototype strain (Fig. 1) . Loop 1 and loop 2 in the hexon gene react with type-specific antisera in neutralization tests, and the nucleotide sequences of these loops are highly variable among different serotypes and are conserved among strains from the same serotype (Crawford-Miksza & Schnurr, 1996) . C4 is located in the 59 end of the hexon gene and the functions of this region remain unknown. The nucleotide sequence of C4 is comparatively well-conserved among different serotypes (Ebner et al., 2005) ; therefore, C4 is often used as a target for the detection of HAdV DNA and serotyping (Pring-Akerblom et al., 1999; Fujimoto et al., 2004; Sarantis et al., 2004; Shimada et al., 2004; Casas et al., 2005; Miura-Ochiai et al., 2007) .
However, nucleotide polymorphisms in the C4 region are frequently seen among strains from the same serotype, particularly HAdV-37 strains. The reason for the frequent nucleotide substitutions among strains from the same serotype is unknown. The use of C4 for detection and serotyping must be considered in the future.
